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MULTIPLE IMAGING OF PULSARS BY REFRACTION IN THE INTERSTELLAR MEDIUM 
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ABSTRACT 

We demonstrate, using dynamic spectra of interstellar scintillations, that pulsar images are sometimes 
multiple and that images change on time scales of days to months. Component separations as large as 4 mas at 
430 MHz are twice the scattering diameter of each component which, in turn, is at least 104 times the intrinsic 
source size. We discuss the implications of our results for VLBI, for timing measurements of pulsars, and for the 
form of the interstellar electron-density wavenumber spectrum. 

Subject headings: interstellar: matter — interferometry — pulsars — turbulence 

1986). The ACV has units of intensity squared. Systematic 
“drifts” are characterized by a drift rate, dv/dt, which is 
given by the major axis of the ACV. It is usual practice 
to interpret the time and frequency scales in terms of an im- 
plied diffraction angle 0d, due to irregularities < (XD)1/2 * 
1011 cm (D is the distance), while the drift rate is a refractive 
alteration of the diffraction pattern associated with irregular- 
ities > (\Z))1/2, characterized by a refraction angle 0r. For a 
thin scattering screen at distance Z), these quantities are 
related according to « \/2irOdV± , « c/ttDOJ, and 
dv/dt « vV±/2D6r, where V± is a transverse speed (Hewish 
1980). Were it not for the appearance of oscillations and 
multiple drift rates in dynamic spectra, these quantities would 
suffice in characterizing the scintillations. We discuss data 
that show such oscillations and, in the next section, extend the 
above model to explain the oscillations. 

Figure la (Plate LI) shows dynamic spectra from PSR 
0919 + 06 with randomly placed intensity maxima that are 
consistent with single-image diffractive scattering. This pat- 
tern was maintained for the last 5 months of 1984, followed 
by a 6 month long episode of multiple drift rates and oscilla- 
tions, after which it reverted to a state of random structure. 
Figures lb and 1c show dynamic spectra with strong oscilla- 
tions and drift. The patterns maintained the same form for a 
few days but obviously changed over the 2 weeks separating 
the two epochs. 

Previous work has also identified oscillations in dynamic 
spectra (Roberts and Abies 1982; Hewish, Wolszczan, and 
Graham 1985; CWB 1985). The oscillations are clearly not 
instrumental because they appear at only some epochs for a 
given object and with time-dependent parameters; at a specific 
epoch, they do not occur for all objects observed; and the 
oscillations are unlike any associated with reflections off the 
telescope structure. 

Figure 2a (Plate L2) shows spectra for PSR 1133 + 16 
during an episode of strong oscillations. Like 0919 + 06, this 

L27 

I. INTRODUCTION 

All radio signals are scattered, to varying degrees, as they 
propagate through electron density turbulence in the interstel- 
lar medium (ISM). Scattering causes angular broadening of 
source images and, under certain conditions, intensity scintil- 
lations in time and frequency. Recent work (Rickett, Coles, 
and Bourgois 1984; Blandford and Narayan 1985; Cordes, 
Pidwerbetsky, and Lovelace 1986) has been concerned with 
distinguishing refractive from diffractive scintillations be- 
cause the former may cause intensity variations from many 
kinds of radio sources, while the latter is visible only from 
pulsars, owing to their small size. 

In this Letter, we report preliminary results from a study of 
pulsar scintillations at the Arecibo Observatory. We discuss 
three pulsars which show, at some epochs, dynamic spectra 
(i.e. intensity as a function of frequency and time) with 
oscillations and/or multiple drift rates due to a combination 
of multipath refractive scattering and diffractive scattering. 

We obtained dynamic spectra in 1980 November, 1981 
August, and from 1984 August to 1985 June using a 1 bit 
autocorrelation spectrometer gated synchronously with the 
pulsar. ON and OFF pulse spectra of 252 samples each were 
recorded at — 10 s intervals for total observation times < 90 
minutes using bandwidths of 1.25 MHz for PSR 0919 + 06 
and 10 MHz for PSR 1133 + 16 and PSR 1919 + 21. Details 
of the data acquisition and analysis are given by Cordes, 
Weisberg, and Boriakoff (1983, 1985, hereafter CWB 1983 
and CWB 1985). 

II. ANALYSIS OF DYNAMIC SPECTRA 

It is conventional to determine the characteristic time scale 
A G and frequency scale tsvd of the scintillations as the 
half-widths at half-maxima of a two-dimensional autocovari- 
ance function (ACV) of the dynamic spectra (e.g., Cordes 
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PLATE LI 

Figure la 

Figure 1 b 

Figure 1c 

Fig. 1.—Dynamic spectra of PSR 0919 + 06 at 430 MHz for three epochs, {a) 1984 August (1984.66); (Z>) 1985 May (1985.40); (c) 1985 June 
(1985.44). The horizontal line is due to lightning interference. 

Cordes and Wolszczan {see page L27) 
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PLATE L2 

427.4 431.4 

Frequency (MHz) 

Fig. 2.—Dynamic spectra for two pulsars at 430 MHz. (a) PSR 1133 + 16 at 1984 November (1984.89); (b) PSR 1919 + 21 at 1981 August (1981.61). 
Cordes and Wolszczan (see page L27) 
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73 

a¡) 

(cycles MHz'1) 

Fig. 3.—Two-dimensional power spectra of dynamic spectra, (a) For 
data from 0919-I-06 given in Fig. 1c. The maximum plotted point is 2% of 
the overall maximum, (b) For data from 1133 + 16 given in Fig. 2a. The 
maximum plotted value is 6% of the overall maximum. 

pulsar shows, at different epochs, both oscillating and non- 
oscillating scintillations, but with a smaller time scale for 
change, probably because it is nearer than 0919 -F 06 and has a 
larger space velocity. PSR 1919 + 21 shows oscillations at 
some epochs, but its scintillations were dominated by a dual 
drift rate in both 1980 and 1981. Dynamic spectra (Fig. 2b) 
show obvious drifts in two directions. Dual frequency ob- 
servations (430 and 320 MHz) show the same dual drift 
pattern, but with drift rates larger at 430 MHz. The rates do 
not scale precisely as dv/dt a v3, but we think this is due to 
our crude estimation of the drift rates. 

We calculated two-dimensional fluctuation spectra of the 
dynamic spectra in order to identify and quantify the oscilla- 
tions. The coordinates of these spectra are fluctuation fre- 
quencies fv and ft that have units of time (cycles per Hz) and 
frequency (cycles per second), respectively. Such spectra dis- 

play a feature near the origin that is produced by diffractive 
scintillations. A ridge along the ft axis is due to intrinsic, 
broad-band intensity variations. Other features correspond to 
periodicities in the dynamic spectra. 

The two-dimensional fluctuation spectrum in Figure 3a for 
the dynamic spectra of Figure \c reveals a well-defined com- 
ponent at fv « 71 \is and ft » 14 MHz with an amplitude - 
10% of the feature at zero frequency. The data in Figure lb 
have a power spectrum (not shown) with two predominant 
features, implying two distinct periodicities. The fluctuation 
spectrum for 1133 + 16 (Fig. 3b) shows many components 
other than the one near the origin. 

The Fourier transform of the fluctuation spectrum is the 
ACV. The ACV for 1919 + 21 (Fig. 4) displays two ridges 
whose slopes yield drift rates, dv/dt. Also shown are cuts 
along the two axes. The widths of these cuts are the scintilla- 
tion scales Avd and Atd. 

Table 1 gives values for diffraction bandwidths, time scales, 
drift rates, and oscillation periods for the three objects. 

III. MULTIPLE IMAGES 

To account for oscillations in dynamic spectra, consider a 
thin screen which scatters an incoming plane wave into two 
smeared-out images, each of size 0d, at angles 0l and 02 with 
respect to a direct ray from the screen to the observer. If 
|02 

- 1 > 20¿, each image yields an independent diffraction 
pattern. The two diffraction patterns superpose with an inter- 
ference term that results because the screen is illuminated 
with a coherent radiation field. 

In reality, the screen model is not justified because scatter- 
ing seems to occur through a large fraction of the line of sight 
(CWB 1985). For an extended medium, oscillation periods are 
related to path-length differences between rays reaching the 
observer, but these are not related to the observed angular 
separations of the rays. In this case, the true image cannot be 
reconstructed but oscillations can be used to estimate statisti- 
cal properties, such as the frequency of occurrence of multiple 
images and typical angular separations. 

Letting Ii 2(
vi 0 be the dynamic spectra that would be 

produced by each image alone, we write the net dynamic 
spectrum in the form 

I{v, t) = Ix{v, t) + I2{v, t) + 2[/1(p, t)I2(v, t)]l/2 

Xcos[$(v,t) + <í>(p,0]- (1) 

The phase O « 7tDX~1(62 - Of) is the geometrical difference 
in path lengths between the observer and the two points on 
the phase screen while <i> is a random phase due to irregular 
structure in the screen. The sinusoidal cross term, which has 
oscillation periods Pv and Pt, is amplitude-modulated by 
(Iil2)

l/2 and /?/zasc-modulated by <f>. The fluctuating part of 
I(v, t) would be dominated by the cosine term if diffraction 
were negligible. Such highly organized dynamic spectra are 
generally not seen. For N images, the dynamic spectrum is 
the sum of N independent dynamic spectra and N(N — l)/2 
cross terms. 

The random phase </> varies with characteristic time and 
frequency scales Atd and Avd. The geometrical phase O, 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

6A
pJ

. 
. .

30
7L

. 
.2

7C
 

Frequency Lag (kHz) 

Fig. 4.—Two-dimensional intensity autocovariance function for PSR 
1919 + 21 at 430 MHz. The straight dashed Unes show the dual drift rates. 
Contours are from 0 to 1 at intervals of 0.05. Also shown are shces along 
the coordinate axes. 

TABLE 1 
Scintillation Parameters 

Epoch 
(1) 

(GHz) 
(2) 

(kHz) 
(3) 

A// 

(s) 
(4) 

dv a 
dt 

(kHz s-1) 
(5) 

(kHz) 
(6) 

p? 
(i) 
(7) 

(mas) 
(8) 

(mas) 
(9) 

split 
(mas) 
(10) 

0919 + 06 

1984.66. 
1985.40. 

0.43 
0.43 

1985.44  0.43 

34 90 0.05   3.3 
90 126 -0.43 21 232 2.0 
  ... 115 150 
61 87 -0.36 14 72 2.4 

3.4 
-0.4 3.6 

1.5 
-0.5 4.4 

1133 + 16b 

1984.89  0.43 850 80 -6.9 360 110 
480 133 
710 170 

- 710 141 

1.6 -0.17 2.2 
1.9 
1.5 
1.5 

1919 + 21 

1981.60. 

1981.61. 

0.43 

0.32 

103 

55 

79 

72 

1.03 
-0.82 

0.57 
-0.45 

320 330 3.1 

140 380 4.3 

0.25 1.5 
-0.32 ... 

0.34 2.3 
-0.43 

aErrors in the scintillation quantities in cols. (3)-(7) are +10%. 
bThe periodicities identified for 1133 + 16 are only the most obvious ones; more can clearly be 

seen in Fig. 3. 
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which may vary on much larger scales, can be expanded as 
Q>(v + 8v, t + 8t) « 0(^, t) + 2tn{8v/Pv + 8t/Pt), where 
O » 103%GHz/)kpc(02

2 - 0?) radians, Pv * O.21D^c(0i - 
Of) 1 MHz, and Pt « 1028[í'ghz^100(^2 " ^1)] 1 s* Here an- 
gles are in units of milliarcsec (mas) and ^00 is the transverse 
speed in units of 100 km s_1. 

The model can account for the data that we have presented. 
For PSR 0919 + 06, the fringes in Figure 1c undergo a phase 
shift between one diffractive maximum and another, as is 
predicted by the model. For both 0919 + 06 and 1133 +16, the 
fringes are produced by more than two images, because there 
are several features in the two-dimensional fluctuation spec- 
trum. For 1919 + 21 the dual drifts suggest that two sub- 
images dominate the brightness distribution. A periodicity is 
also evident in the fluctuation spectrum (not shown). 

In Table 1 we give values of 6d, 0r, and 0split = (02 - 02)1/2 

using expressions given above. We have also assumed dis- 
tances of 1, 0.16, and 0.36 kpc and transverse speeds of 117, 
130, and 65 km s"1 for 0919 + 06, 1133 + 16, and 1919 + 21, 
respectively. The distances are from Manchester and Taylor 
(1981), and the speeds are scintillation derived (Cordes 1986). 

IV. DISCUSSION 

We have shown that refractive scattering produces multiple 
images of three pulsars at some epochs. In fact, most of the 
~ 30 pulsars we have studied at Arecibo show similar effects 
(oscillations and multiple drift rates in dynamic spectra) some 
of the time. Therefore, multipath refractive scattering must be 
a common occurrence, a fact that has implications for the 
power spectrum of electron-density variations in the ISM, for 
VLBI of scattered sources, and timing measurements of 
pulsars. 

The electron density power spectrum is thought to be of the 
form (wavenumber)-0 over several decades of wavenumber 
corresponding to scales near - 1011 cm. The exponent a is 
often estimated to be less than 4 and near the “Kolmogorov” 
value of 11/3 from dynamic spectra of pulsars (Rickett 1977; 
Armstrong, Cordes, and Rickett 1981; Wolszczan 1983; CWB 
1985; Smith and Wright 1985). However, recent studies of 
“refractive” intensity variations alternatively suggest values 
slightly in excess of 4 (Hewish, Wolszczan, and Graham 1985; 
Romani, Blandford, and Narayan 1985). In strong scattering, 
a “shallow” spectrum like the Kolmogorov spectrum is not 
expected to produce multiple images. This follows because 
refraction angles from such media are much smaller than the 
diffractive smearing, 6r/0d 1 (unless the inner scale - 
(AD)1/2, and the spectrum amplitude is correspondingly 
larger). Steeper power laws yield considerably more refrac- 
tion, so 0r/9d » 1, and the probability of obtaining multiple 
images is larger (Lovelace 1970; Cordes, Pidwerbetsky, and 
Lovelace 1986). 

We conclude that at least some portion of the actual 
electron-density spectrum must have an effective a > 4 for 
some Unes of sight through the ISM. However, since we find 
compelling other studies (Armstrong and Rickett 1980; 
Wolszczan 1983) which suggest conformance at “large” wave- 
numbers to an a < 4 spectrum, we propose that the actual 
spectrum may be a “hybrid” spectrum that is Kolmogorov-like 
at large wavenumbers but steeper at low wavenumbers. 

Images of scattered radio sources derived from VLBI will 
be strongly affected at frequencies where scattering is strong 
(v < 5 GHz). One may expect to see asymmetric images that 
change on a refractive time scale. Although this time scale is 
short for pulsars discussed in this Letter, it could be very long 
for objects such as the compact source in the Galactic center, 
Sgr A, for which an asymmetry has been seen (Lo et al. 1985). 

Time of arrival fluctuations 8t « DO?/2c « 1.2 /isDkpcör
2 

(0r in units of mas) are expected on time scales of weeks to 
months. These are geometric in origin, scale as A4, and are 
different from the dispersive variations a A2 considered by 
Armstrong (1984). The amplitude and time scale are strongly 
pulsar dependent because the amplitude of the wavenumber 
spectrum varies strongly between different lines of sight (CWB 
1985). Moreover, the extrapolation to longer time scales is 
uncertain because it depends on the low-wavenumber portion 
of the spectrum, which is poorly constrained. During episodes 
of multiple imaging, the pulsar pulse is multiple with time 
separations of the same order as 8t calculated above. It may 
be possible to detect such separations for the millisecond 
pulsar 1937 + 214, whose pulse width is narrow (-40 /is; 
Cordes and Stinebring 1984). 

The oscillations in dynamic spectra are analogous to fringes 
from an effective interferometer with baseline - 1 AU. By 
comparing dynamic spectra obtained for different pulse com- 
ponents of a pulsar (e.g., looking for a phase shift in oscilla- 
tions such as those in Fig. 1c), one may be able to resolve 
pulsar magnetospheres at angular scales < 1 micro-arcsec 
(Cordes, Pidwerbetsky, and Lovelace 1986). This method has 
better resolution than the purely diffractive approach of CWB 
(1983) if Pv « kvd. 
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Feinswog for help in the data analysis; and J. Weisberg and 
V. Boriakoff for help in obtaining the data in 1980 and 1981. 
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